Commercial flexible image bundles (boroscopes, endoscopes, etc.) are made up of tens of thousands of coherently arrayed multimode optical fibers whose modal propagation characteristics are unavoidably affected by bending losses. Consequently, light wave fronts transmitted through such bundles are subject to significant changes whenever the bundle is flexed anywhere along its length. For this reason images transmitted through such multimode image bundles cannot normally be used to generate holograms unless the bundle is rigidly fixed at every point. This requirement represents a substantial limitation on the use of fiber optics to generate and record holograms of remote subjects. However, this study demonstrates an original technique using ultralow frequency in situ holograms that can be transmitted through a multimode image bundle and recorded remotely even while the bundle is being moved.
I. Introduction
The commercial production of optical fiber image bundles has stimulated development of a variety of medical and industrial instruments specifically tailored to making direct observations in remote locations and/or hostile environments. At the same time, development of the laser as a coherent light source has led to the practical realization of optical holography as a means of recording and reconstructing complete optical wave fronts suitable for generating 3-D images of, or making interferometric measurements on, any arbitrarily shaped surface or image that can be appropriately illuminated and viewed. To date a few investigatorsl- 3 have reported on the application of optical fiber elements to the recording and/or reconstruction of holograms, and several of the present authors have reported 4 ' 5 on the first successful demonstration of the application of optical fibers to the technique of holographic interferometry for remote applications, albeit always with significant limitations, as will be discussed.
There are three obvious applications for fiber optics in remote holography: (1) as a flexible but optically stable element used to guide coherent light from the laser to a potentially remote object to be illuminated; (2) 
L-BENCH LOCATION PLATE
deleterious effects of vibration etc. This paper describes a way to overcome this problem using a commercial MMB, and that is to transmit a hologram image rather than the object image through the MMB. In other words, rather than using the MMB to transmit the complete wave front reflected from the surface of the object back to the site of the recording, there to be combined with the reference beam to form the standing wave interference fringe pattern that must be recorded as a hologram, this approach combines the object wave front and the reference beam at the remote location and transmits the standing wave interference fringe pattern itself back through the MMB to the recording site. Of course, if the spatial frequency of this in situ interference fringe pattern is greater than the resolution limit of the MMB, the bundle will not be able to transmit the fringe pattern, and no hologram will be recorded. This means that successful use of a flexible MMB to transmit a hologram requires a low to very low frequency interference fringe pattern. This in turn (a)
requires small angles between the directions of the reference and object beams.
II. Theory
Following the arguments of elementary geometrical optics it can easily be shown that for two coherent wave fronts intersecting at an angle 20, the period d of the resulting intensity distribution which forms the interference fringe pattern is given by the relation Figure 1 shows the setup used to evaluate this approach to remotely recording a suitable low frequency hologram. Here a SMF is used to provide stable illumination through a collimating lens which acts as a reference beam. A second SMF is used to provide stable illumination of the object, a diffuse screen with suitable letters mounted on it as test patterns. In the present study two such test patterns were used. One was a simple block letter H (13 mm high by 11 mm wide) and the other a more complex array spelling REMOTE HOLO in block letters each 6 mm high by 3 mm wide).
Low frequency holograms of these patterns were obtained by rigidly mounting the input end of an MMB (a 10-mm diam flexible coherent bundle of multimode optical fibers manufactured by American ACMI of Stamford, Conn.) in the reference beam at a distance, L, of 220 cm from the object plane and transmitting the resulting standing wave interference fringe pattern through the MMB to the output end, which was held in firm contact with the emulsion side of the holographic plate. During the time the plate was being exposed, the free middle portion of the MMB could be moved about to demonstrate the optical stability of the transmitted holographic image. This procedure, after processing, yielded low frequency holograms of 10-mm diam, which, when illuminated by a collimated reference beam, produced equal size reconstructions of the original object image 220 cm from the hologram (Fig. 2) . The bright spots in each of these photographs is the reference beam used to reconstruct the object images, real and conjugate, seen on either side. At 220 cm these represent diffraction angles of the order of only 0.250, somewhat less than the maximum theoretical angle of 10 calculated earlier. Figure 3(a) shows the structure of the diffraction pattern which forms the hologram for the simple block H test pattern, while Fig. 3(b) shows the structure of the rather more complex diffraction pattern associated with the REMOTE HOLO test patter both as transmitted through the MMB.
To provide a suitable comparison for each case, low frequency holograms of the same images were recorded directly (with transmission through the MMB) using the same setup but with a photographic plate positioned at the input (rather than the output) end of the MMB. Unfortunately, the results would be much less satisfactory for holograms recorded through single MMBs of yet smaller diameter and cost. Initial efforts to produce holograms by this method using an MMB of the standard 4-mm diam were relatively unsuccessful, although they did indicate that the method would work given a means of overcoming the conditions of limited hologram area. To simulate these conditions in the present investigation the 10-mm diam holograms reconstructed in Fig. 2 were reilluminated by reference beams of 4-and 2-mm diam to represent reconstructions of the reduced diameter holograms that would be recorded using single MMBs of these two standard sizes. Figure 6 shows the results for the 4-mm reconstruction, in which the upper half of the large block H is barely discernible in Fig. 6(a) and little of the REMOTE HOLO can be seen in Fig. 6(b) . Figure 7 shows the same views for the 2-mm reconstructions for which even less is resolvable. Finally Fig. 8 shows 4-mm reconstructions of the direct holograms which are little better than those obtained from the remote holograms shown in Fig. 6 . Consequently, it is apparent that the primary limitation of this method (aside from the obvious need to be able to combine the image and reference beam wave fronts at a very small angle) is the need to use a relatively large MMB rather than any gross loss of stability and resolution associated with bending losses in the MMB. At an experimentally established maximum 0 of only 0.25° the greatest theoretical line spacing in any holographic diffraction fringe pattern would be <8 lines/mm, decreasing toward the inside. This limited bandwidth means that a 4-mm hologram or portion thereof, whether remote or direct, cannot be expected to provide much information and certainly not nearly the image quality reconstructed from the full 10-mm diam reconstructions shown in Fig. 2 (2) where is the wavelength and D the diameter of the area of coherent illumination. In the case where D is 4 mm and L = 220 cm, the speckle size is almost 0.4 mm, a substantial fraction of the subject size (Fig. 6) . At a D of 2 mm the speckle size doubles, and the test patterns are completely obscured (Fig. 7) .
The present series of tests has demonstrated that it is quite possible to record remote holograms using flexible multimode fiber optics for image transmission, provided the diffraction fringe pattern in the hologram is of a frequency low enough to be resolvable by the image bundle or MMB and that the MMB is of sufficient size. (Alternatively, an array of multiple MMBs of smaller diameter, if properly oriented to generate coherent fields, might also be used to transmit a satisfactory hologram image.) In the present case this means a frequency of the order of 10 lines/mm and a MMB of 10-mm diam.
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